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The wavefuntion of conduction electrons moving in the background of a non-coplanar spin struc-
ture can gain a quantal phase – Berry phase – as if the electrons were moving in a strong fictitious
magnetic field. Such an emergent magnetic field effect is approximately proportional to the solid an-
gle subtended by the spin moments on three neighbouring spin sites, termed the scalar spin chirality.
The entire spin chirality of the crystal, unless macroscopically canceled, causes the geometrical Hall
effect of real-space Berry-phase origin, whereas the intrinsic anomalous Hall effect (AHE) in a con-
ventional metallic ferromagnet is of the momentum-space Berry-phase origin induced by relativistic
spin-orbit coupling (SOC). Here, we report the ordering phenomena of the spin-trimer scalar spin
chirality and the consequent large geometrical Hall effect in the breathing kagome´ lattice compound
Dy3Ru4Al12, where the Dy
3+ moments form non-coplanar spin trimers with local spin chirality.
Using neutron diffraction, we show that the local spin chirality of the spin trimers as well as its
ferroic/antiferroic orders can be switched by an external magnetic field, accompanying large changes
in the geometrical Hall effect. Our finding reveals that systems composed of tunable spin trimers
can be a fertile field to explore large emergent electromagnetic responses arising from real-space
topological magnetic orders.
Conventional electronic devices are based mainly upon
the band dispersions of the conducting electrons and not
on their phase factors. However, better understanding of
the topological character of electron bands that has been
achieved in recent years is now promising next-generation
devices where both the dispersions and the phase factors
can be tailored [1, 2]. Such a prospect is derived from
the fact that the Berry phase, which describes the change
of the phase factor for an electron moving adiabatically
around a loop in real or reciprocal space, has a direct
impact on the electron transport [3]. Specifically, in fer-
romagnetic systems with broken time-reversal symmetry,
it has been established that a non-zero Berry phase over
the occupied bands in reciprocal space can be induced by
the relativistic SOC, which gives rise to an intrinsic AHE
with the transverse conductivity σxy proportional to the
spin polarization of the conducting electron [4–6].
Non-zero Berry phases and a consequent Hall effect can
also arise in a special type of magnet where the magnetic
moments form non-coplanar structures. In these mag-
nets, the topologically non-trivial Berry phase is induced
not by the SOC as in the case of the ‘conventional’ AHE,
but by non-zero scalar spin chirality χijk = Si ·(Sj×Sk),
with S denoting the localized spins at vertices i, j, and
k of a triangle [7–11]. Hereafter we refer to such scalar
spin chirality simply as chirality. This chirality-induced
Hall effect, here named geometrical Hall effect (GHE), is
readily understood in the real space picture. Due to the
coupling with the localized moments, an electron hop-
ping successively across the triangular sites i-j-k-i will
gain a Berry phase that is approximately proportional to
the solid angle spanned by the localized moments as if
the electrons were circling around a magnetic flux [8].
In spite of continuous efforts [13–20], an unambiguous
experimental illustration of the correspondence between
the non-coplanar spin trimers and the GHE is still miss-
ing. This is partly due to the difficulty in stabilizing
commensurate non-coplanar magnetic structures on two-
dimensional lattices [15]. For example, on the prototyp-
ical kagome´ lattice, Heisenberg spins normally prefer to
order in a coplanar structure due to its amenability to
fluctuations [21–23], and the coplanarity is maintained
even in a magnetic field [24].
In this letter, we show that non-coplanar spin
trimers can be stabilized in the intermetallic compound
Dy3Ru4Al12, where the magnetic Dy
3+ ions constitute a
breathing kagome´ lattice with corner-sharing triangles of
two different sizes (see Figs. 1a and b) [25, 26]. Using
neutron diffraction, we find that both the stacking order
and the local chirality of the spin trimers can be tuned
by a magnetic field. As long as the entire scalar spin
chirality becomes non-zero, a large GHE emerges in our
magneto-transport measurements. The geometrical ori-
gin of the observed Hall effect is also confirmed through a
semi-quantitative comparison between the magnitude of
the Hall conductivity and the entire scalar spin chirality.
Our Dy3Ru4Al12 single crystals were grown using the
Czochralsky technique [12]. Neutron diffraction experi-
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FIG. 1. (color online). (a) Crystal structure of Dy3Ru4Al12
with space group P63/mmc. (b) Dy
3+ ions on the 6h Wyck-
off sites form breathing kagome´ layers in the ab plane. Dy3+
ions with z = 0.25 and z = 0.75 are shown by dark and
light blue circles, respectively. In the unit cell enclosed with
solid lines, directions of the Dzyaloshinskii-Moriya Interac-
tion (DMI) vector defined over the nearest-neighbour bonds
are shown in red circles, and the corresponding bond direc-
tions are shown by grey arrows over the bonds. The nearest-
neighbour J1 and second-neighbour J2 bonds are indicated by
curved arrows. (c) Field-dependence of the neutron diffrac-
tion intensities of the magnetic reflections (5/2 0 1/2) and
(7/3 1/3 0) measured at T = 2.2 K. (d) Phase diagram of
Dy3Ru4Al12 obtained from magnetization (up-pointing tri-
angles) and heat capacity (left-pointing triangles) measure-
ments [12]. PM represents the paramagnetic phase. Effect of
the demagnetization field has been corrected [12]. Error bars
representing standard deviations are smaller than the symbol
size.
ments on a single crystal sample of Dy3Ru4Al12 were per-
formed on the thermal-neutron diffractometer ZEBRA at
the Swiss Spallation Neutron Source SINQ of the Paul
Scherrer Institut PSI. Incoming neutron wavelength of
1.18 A˚ (Ge(311) monochromator) was used for the mea-
surements. Magneto-transport experiments were per-
formed on single crystals with characteristic dimensions
of 3.0×0.8×0.15 mm3, where the largest faces were per-
pendicular to the crystallographic c-axis and were aligned
perpendicular to the magnetic field. The electric current
was applied along the a∗ axis in reciprocal space. Mea-
surements below 14 T were performed on the Quantum
Design PPMS, and measurements up to 24 T shown in
the Supplemental Materials were performed at the High
Field Laboratory for Superconducting Materials at To-
hoku University [12].
At zero field, Dy3Ru4Al12 is known to enter a mag-
netic long-range ordered state with a propagation vector
of (1/2 0 1/2) [25]. However, by applying a magnetic field
along the c axis, we found in the present study that the
magnetic propagation vector can be shifted from q1 =
(1/2 0 1/2) to q2 = (1/3 1/3 0). As is shown in Fig. 1c,
our neutron diffraction experiments reveal that at tem-
perature T = 2.2 K, the intensity of the (5/2 0 1/2) re-
flection in phase I drops to zero at a field of µ0H ≈ 0.6 T,
while a new reflection emerges at (7/3 1/3 0). The in-
tensity of the (7/3 1/3 0) reflection is not constant, but
decreases sharply at µ0H ≈ 1.2 T while remaining finite,
indicating the appearance of two distinct field-induced
phases (II and III), consistent with the magnetic transi-
tions observed by magnetization measurements [25] (see
also Fig. 3a). Following the anomalies in the magnetic
susceptibility and heat capacity across the phase transi-
tions [12], we map out the H-T phase diagram as pre-
sented in Fig. 1d.
Neutron diffraction datasets were collected in the three
phases at T = 2.2 K to clarify their precise magnetic
structures. Figure 2 summarizes our refinement results.
Details for the dataset refinement can be found in the
Supplemental Materials [12]. We notice that the mag-
netic structures in both phases I and II consist of simi-
lar spin trimers with non-zero local chirality. As is pre-
sented in Fig. 2d, four spin-trimer configurations are ob-
served in the magnetic structure of phases I and II: the
in-plane spin components Sab are all pointing inwards or
outwards, and the out-of-plane components Sc aligning
uniformly parallel or anti-parallel to the c axis. From our
refinements, the ratio |Sc/Sab| remains nearly constant at
∼ 2 in both phases I and II, meaning the magnitude χ0 of
the local chirality does not change across the transition
between phases I and II. Therefore, the entire chirality
is completely determined by the stacking pattern of the
trimers. In phase I with q1 = (1/2 0 1/2), the sign of the
local chirality is reversed between neighbouring unit cells
along the a and c axes, implying full cancellation of the
local chirality. However, in phase II with q2 = (1/3 1/3
0), the signs are arranged in a sequence of +/+/− along a
and b axes, which results in an average chirality per spin-
trimer unit of χ0/3 with χ0 ≈ 0.17. Here the chirality χ0
is calculated assuming a unit spin length |S| = 1. Over
the larger second-neighbour triangles, the global chiral-
ity also becomes non-zero in phase II, and its magnitude
equals χ0/3, as large as that over the spin-trimer unit.
The individual spin-trimer chirality, as well as the en-
tire chirality averaged over all sites, can be further tuned
with a higher magnetic field of µ0H > 1.2 T, where a
new phase (III) is realized. In this phase, most of the
magnetic reflections become weaker than those in phase
II, and all the (n/3 n/3 0) reflections are extinct. These
observations allow us to assign the magnetic structure
shown in Fig. 2c, where the c component of all the Dy3+
moments aligns in the field direction [12]. As shown
in Fig. 2e, the in-plane components of the Dy3+ mo-
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FIG. 2. (color online). (a) Magnetic structure of phase I with q1 = (1/2 0 1/2). Shaded (blank) triangles indicate spin trimers
within the z = 0.25 (z = 0.75) layer. Spins with a positive (negative) component along the c direction are shown by the orange
(blue) arrows. Signs of the scalar spin chirality over the trimers are indicated at the center of the triangles. (b,c) Magnetic
structures of phases II (b) and III (c) with q2 = (1/3 1/3 0). (d) Spin trimers in phases I and II. In these two phases, spin
components in the ab plane are either all pointing towards the center of the triangles (all-in) or out of the triangles (all-out).
(e) Twisted and anti-twisted spin trimers in phase III where the spin components in the ab plane are parallel to the opposite
edge of the triangles. In phases I, II, and III, the refined magnitude of the ordered Dy3+ moments are 6.5(5), 9.3(5), and 8.9(3)
µB , respectively, and the corresponding tilting angle from the c axis is 26(1)
◦, 28(1)◦, and 35(1)◦.
ments change from all-in-all-out to tangential alignment,
leading to two twisted trimer configurations with neg-
ative chirality of −χ′0/3 with χ′0 ≈ 0.23. Meanwhile,
the twisted trimers also induce toroidal-like correlations
over the second-neighbour triangles, where the averaged
global chirality per spin-trimer unit amounts to χ′0, with
a positive sign and an absolute magnitude that is three
times as large as that over the nearest-neighbour spin
trimers.
The global chirality in phases II and III motivated us
to search for the chirality-induced GHE. Figure 3 sum-
marizes the results of our transport experiments. The
anomalous Hall conductivity σAxy was obtained by sub-
tracting the normal Hall conductivity σNxy from the to-
tal Hall conductivity σtotxy with σ
A
xy = σ
tot
xy − σNxy [12].
The total Hall conductivity is related to the longitu-
dinal resistivity ρxx and the Hall resistivity ρyx via
σtotxy = ρyx/(ρ
2
xx + ρ
2
yx). In our definition, the anoma-
lous Hall conductivity σAxy may involve contributions not
only from the conventional SOC-induced Hall term but
also from the chirality-induced geometrical Hall term of
the present focus.
As is shown in Figs. 3a and b, the anomalous Hall con-
ductivity σAxy becomes non-zero in phases II and III as
is expected for the chirality-induced GHE, and the evo-
lution of σAxy(H) loosely follows the magnetization curve
M(H) shown in the same panels. The successive step-like
increases in σAxy(H) across the phase transitions sharply
contrast with the highly non-monotonous evolution of the
longitudinal resistivity [12], indicating the independence
of σAxy on the relaxation time τ of the conducting elec-
trons and thus excluding the extrinsic skew-scattering
mechanism [6, 27–29] that obeys σskewxy ∝ τ . Note also
that the observed AHE reaches a Hall angle (σAxy/σxx) as
large as 1.5× 10−2 at 3 T in phase III.
Two other possible scenarios for the observed AHE,
including the intrinsic Karplus-Luttinger (momentum-
space Berry phase) and the extrinsic side-jump mech-
anisms, can be excluded as the major origin on the basis
of the temperature dependence of σAxy shown in Figs. 3c
and d. In both mechanisms, σAxy is independent of the
relaxation time τ [6, 27]. However, the magnitude of σAxy
induced through the Karplus-Luttinger or the side-jump
mechanism is not related to chirality of the magnetic mo-
ments and only depends on the total magnetization M
along the field direction [6]. As is shown in Fig. 3d, a
sharp increase in σAxy(T ) is observed when the system is
cooled through the phase transition at ∼ 5 K in a mag-
netic field, while the magnetization M(T ) almost stays
constant on both sides of the transition. The contrasting
behavior of σAxy(T ) and M(T ) reveals that the observed
AHE is not dominated by the Karplus-Luttinger or the
side-jump mechanism and is consistent with its chirality
origin.
The relative change of σAxy between phases II and
III can be semi-quantitatively understood through the
chirality-induced GHE. Assuming the geometrical weight
over the Dy3+ trimers and the second-neighbour trian-
gles to be dominant and comparable [10, 11], the total
chirality χtot of the Dy sublattice can be estimated to be
∼ 2χ0/3 and 2χ′0/3 in phases II and III, respectively, with
χ′0/χ0 ≈ 1.4. Meanwhile, due to the perturbative nature
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FIG. 3. (color online). (a,b) Anomalous Hall conductivity σAxy measured at 2 K as a function of increasing (a) and decreasing
(b) magnetic fields. The corresponding field-dependence of magnetization M(H) is shown for comparison. Different phases are
indicated by color shading, and a large hysteresis for increasing and decreasing fields is observed at the phase boundaries. Note
σAxy = 0 in phase I, where scalar spin chirality is absent, and a sharp increase of σ
A
xy at the boundary between phases II and
III. (c) Full view of σAxy data, including high fields and temperatures. (d) Temperature dependence of σ
A
xy (filled circles) and
magnetization (solid lines) measured in magnetic fields of 2 T (blue) and 9 T (red). A sharp increase in σAxy(T ) when entering
phase III below ∼ 5 K is in strong contrast to the behavior of M(T ) in the same field, evidencing the onset of non-zero scalar
spin chirality at T ∼ 5 K. Effect of demagnetization field has been corrected [12].
of the couplings between the conducting electrons and the
Dy3+ moments, the spin polarization p of the conduct-
ing electrons should be proportional to the net magne-
tization, with Mµ0H=2T/Mµ0H=0.7T ≈ 2.7. Given that
σAxy ∝ pχtot, the ratio of the chirality-induced anomalous
Hall conductivity in phases III and II is expected to be
∼ 3.8, which is close to our observation in Fig. 3a.
Compared to the skyrmion lattice characterized by a
topological Hall effect related to the winding number
of the spin texture [30–34], the magnetic structures in
phases II and III of Dy3Ru4Al12 have a much shorter
periodicity, where a magnetic unit cell consists only of
3×3 unit cells. According to theoretical calculations [11],
when the couplings between the conducting electrons and
local moments are weak as in Dy3Ru4Al12, the two Berry-
phase scenarios in reciprocal and real spaces can be equiv-
alent. Therefore, Dy3Ru4Al12 might be viewed as an in-
termediate system that bridges the magnetic skyrmion
lattice with a long periodicity of tens of nanometers [32]
and the prototypical kagome´ model with a minimal peri-
odicity of one single unit cell [8], and might help clarify
the equivalence between the two Berry-phase scenarios
for the GHE in reciprocal and real spaces.
Due to the strong SOC on the Ru ions, we do not com-
pletely rule out the role of SOC in our observed GHE.
The SOC may join the scalar spin chirality in enhancing
the transfer of the Berry curvature. Recent investiga-
tions on Mn3Sn and Mn3Ge reveal that the SOC is able
to induce an AHE even in antiferromagnets with copla-
nar magnetic structures [35–38]. It will be interesting
to clarify the role of the SOC and explore its possible
interplay with the scalar spin chirality in Dy3Ru4Al12.
In summary, our neutron diffraction experiments re-
veal the existence of spin trimers in the breathing kagome´
lattice compound Dy3Ru4Al12, where both the stacking
order and the local scalar spin chirality of the trimers can
be tuned by a magnetic field. In phases with non-zero en-
tire scalar spin chirality, a large GHE is observed in our
magneto-transport experiment. Our works provide an
unambiguous illustration for the chirality induced GHE,
and reveal that systems composed of tunable spin trimers
can exhibit large emergent electromagnetic response due
to couplings between the conduction electrons and the
localized magnetic moments.
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Supplementary Information
I. CRYSTAL GROWTH AND REFINEMENT OF THE X-RAY DIFFRACTION DATA
Dy3Ru4Al12 single crystals were grown using the Czochralsky technique with 1 % excess Al in raw ingots to
compensate evaporation during the melt-growth process [S1]. Phase-purity and absence of grain boundaries in the
resulting crystals were confirmed using powder x-ray diffraction (XRD), energy-dispersive x-ray spectroscopy (EDX),
scanning electron microscopy (SEM), as well as optical microscopy.
XRD measurements on pulverized Dy3Ru4Al12 crystals were performed with a commercial in-house x-ray diffrac-
tometer (Rigaku RINT TTR-III, Cu Kα radiation) at room temperature. Refinements were performed with the space
group P63/mmc using the software RIETAN [S2]. The refinement results are shown in Fig. S1. The refined lattice
constants are a = 8.774(2) A˚, and c = 9.530(1) A˚. The refined Dy position at the 6h site (x 2x 1/4) is x = 0.1934(1).
It was necessary to take into account a preferred orientation of (001) plane with a preference factor of 1.10 [S2]. The
goodness-of-fit R factors are Rwp = 13.0 %, Rp = 9.8 %.
 0
 1000
 2000
 3000
 4000
 20  30  40  50  60  70  80  90  100
In
te
ns
ity
 (a
.u
.)
2θ (degree)
FIG. S1. Rietveld refinement results of the x-ray diffraction (XRD) data for Dy3Ru4Al12 powder. Data points are shown by
red crosses. The calculated pattern is shown by the blue solid line. Vertical bars show the positions of the Bragg peaks. The
blue line at the bottom shows the difference between data and calculated intensities.
II. MAGNETIZATION MEASUREMENTS AND PHASE DIAGRAM
Magnetization and specific heat measurements were employed to characterize the phase diagram of Dy3Ru4Al12 in
a magnetic field along the c axis. These data agree with the transport and neutron scattering experiments discussed
in the main text, if the effect of the demagnetization field is corrected by H = Hext − NM with internal field H,
external field Hext, magnetization M , and the averaged demagnetization factor N . The demagnetization factor was
estimated for both cuboids and platelets by elliptical approximation of the sample shape [S3]. The derivative dM/dH
in Fig. S2a was obtained from the magnetization data M(H) measured with a vibrating sample magnetometer (VSM)
in a Quantum Design PPMS cryostat. We evidenced two field-induced magnetic transitions with a large hysteresis.
At the lowest temperature, the transition between phases I and II (c.f. main text) occurs very close to zero magnetic
field in field-decreasing measurements, i.e. phase II can be meta-stabilized down to very low field (Fig. S2f).
Although phase III and the field-aligned paramagnetic regime (PM, Figs. S2f and g) are indistinguishable in magne-
tization measurements at high fields, a sharp transition between them was observed in the specific heat measurements
(Fig. S2d and e). The thermodynamic measurement is thus in agreement with the previous report on the T and H
dependence of the ultrasound velocity in Dy3Ru4Al12. [S4].
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FIG. S2. (a) Magnetic susceptibility, (b-e) heat capacity (measured in cooling), and (f,g) phase diagram in a magnetic field
along the c axis. We constructed magnetic phase diagrams in panels (f) and (g) with phases I, II, and III as specified in the
main text, using magnetic susceptibility and specific heat measurements. PM signifies the paramagnetic state. The data in
(a) are offset by constant values for clarity. Data for decreasing (increasing) magnetic field is shown in color (grey). In (b-e),
we identify a sharp first-order transition at lower fields (H = 0 and 5 kOe). Although the transition from phase III to the
field-aligned PM state is invisible in the magnetization data, the specific heat measurements clearly delineate the two regimes
as indicated by orange arrows. In panels (f) and (g), ∂H/∂t < 0 (∂H/∂t > 0) signifies decreasing (increasing) magnetic field.
In panels (a,f,g), effect of the demagnetization field has been corrected.
III. REFINEMENT OF THE NEUTRON DIFFRACTION DATASET
Neutron diffraction experiments on a single crystal sample of Dy3Ru4Al12 were performed on the thermal-neutron
diffractometer ZEBRA at Swiss Spallation Neutron Source SINQ of Paul Scherrer Institut PSI (Villigen, Switzerland).
A piece of Dy3Ru4Al12 single crystal with dimensions of 3.88×3.71×1.40 mm3 was aligned with the (hk0) plane
horizontal. A cryomagnet with vertical magnetic field and base temperature of 2.2 K was employed. Incoming
neutron wavelength of 1.18 A˚ (Ge(311) monochromator) was selected for the measurements. At zero field, 266
magnetic reflections, of which 190 are mutually independent, were collected. At an external magnetic field of 0.7 (2.0)
T, 230 (64) independent magnetic reflections were collected. Absorption corrections of the intensities were performed
using JANA [S5]. Refinements of the datasets were carried out using FULLPROF [S6].
Phases I and II
Refinements of the neutron diffraction datasets were performed with FullProf [S6]. Following Ref. [S25], a satisfac-
tory fit for the dataset collected in zero field was obtained with the magnetic space group Cc2/c (BNS No. 15.90).
The refined magnetic structure is similar to that reported in Ref. [S25], and the R-factors are Rf = 10.3 % and
Rf2 = 16.1 %. However, under further constraints of equal moment size and all-in-all-out alignment for regular spin
trimers, we were able to obtain a similarly good fit, with comparable R-factors of Rf = 10.1 % and Rf2 = 16.1 %. The
refined magnetic structure is shown in Fig. 2a of the main text and the comparison of the observed and calculated
intensities is shown in Fig. S3a.
For the refinement of the neutron diffraction dataset collected in phase II, we started with the spin configuration
observed in phase I for the primary unit cell and introduced a sinusoidal modulation with q2 = (1/3 1/3 0). In this
way, a relatively good fit was obtained with R-factors of Rf = 10.6 % and Rf2 = 16.8 %. However, this solution
involves unequal magnetic moment sizes even after adding a uniform spin component along the c axis that is induced
by the applied field. To overcome this problem, we introduced a similar magnetic structure that shows an up-up-
down sequence for the spin trimers along a and b axes, which can be viewed as a modified version of the sinusoidally
modulated structure. This solution has equal moment size and is able to explain the magnetization plateau observed
in phase II. Refinement against the neutron diffraction dataset results in a satisfactory fit with R-factors of Rf = 9.8 %
and Rf2 = 15.6 %, and the comparison for the observed and calculated intensities is shown in Fig. S3b.
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FIG. S3. Comparison of the observed and calculated intensities for the refined magnetic structures in phases I (a) and II (b).
Phase III
As is mentioned in the main text, intensities of the magnetic reflections belonging to q2 = (1/3 1/3 0) are weaker in
phase III compared to those in phase II, indicating that the c components of the magnetic moments are aligned parallel
to the applied field and are thus forming the q = 0 propagation vector. Therefore, only the in-plane components
contribute to the q2 = (1/3 1/3 0) reflections, leading to weaker intensities. This in-plane character has also been
unambiguously proved in our recent resonant x-ray diffraction experiment [S7].
Magnetic structure of the q2 = (1/3 1/3 0) component in phase III was determined through symmetry analysis.
It is known that most commensurate spin configurations possess one of the possible maximal magnetic symmetries
compatible with the propagation vector in the parent space group, forming the k-maximal subgroups [S8]. Using
the program k-Subgroupsmag in the Bilbao Crystallographic Server [S9], we obtained 9 k-maximal subgroups of the
P63/mmc parent space group with k = (1/3 1/3 0), among which P63/m
′c′m′ (BNS No. 193.261), P6′3/m
′cm′
(193.259), P6′3/m
′c′m (193.258), P63/m′cm (193.255), P6′2m′ (189.224), P6′2′m (189.223) allow spin components in
the ab plane. Refinement of the neutron diffraction dataset reveals that the best fit is achieved with the P6′3/m
′c′m
(193.258) magnetic space group with R-factors of Rf = 19.1 % and Rf2 = 25.9 %. The corresponding magnetic
structure is shown in Fig. 2c of the main text, and is also reproduced in Fig. S4 together with the comparison of the
observed and calculated intensities. The relatively large value of the R-factors compared to those in phases I and II
might due to the relatively weaker intensities of the magnetic reflections in phase III.
The magnetic structure in phase III was also confirmed with a different method that is based on the observed
extinction rule. Among the (n/3 n′/3 0) magnetic reflections, zero intensity is observed for n = n′. Considering
that neutron scattering only probes the magnetic structure factor component that is perpendicular to the momentum
transfer, this extinction rule means that for any (n/3 n/3 0) momentum transfer, the magnetic structure factor is
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FIG. S4. (a) In-plane components of the refined magnetic structure in phase III. Dashed lines indicate the unit cell shifted by
(1/2 1/2 0) to emphasize the hexagon formed by Dy3+ ions in two neighbouring layers. (b) Comparison of the observed and
calculated intensities for the refined magnetic structure in phase III.
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either zero or parallel to the 〈110〉 directions, where 〈110〉 represents the symmetrically equivalent directions along
a, b, and a + b. Therefore, in the unit cell shifted by (1/2 1/2 0) as indicated by dashed lines in Fig. S4a, the
Dy3+ moments over the hexagon should be symmetric with respect to the 〈110〉 directions as illustrated in Fig. S5a.
Constraints along the three 〈110〉 directions leave only one degree of freedom in the spin alignment, that is the rotation
of the spins by an angle of ±θ shown in Fig. S5b, where the ± sign differentiates the spins in different layers. By
further applying the 63 or 6
′
3 symmetry, we are able to obtain the two special solutions with θ1 = 0/pi and θ2 = ±0.5pi
shown in Fig. S5c. Based on these two candidate alignments within the unit cell, we could construct the q2 = (1/3
1/3 0) magnetic structure on the whole lattice. The solution with θ2 = ±0.5pi is exactly the same as what we found
through magnetic space group analysis, while the solution with θ1 = 0 or pi leads to a worse fit with RF2 = 85.27 %.
(110) direction (-120) direction 
(2-10) direction 
satised at the same time...
63 symmetry
general solution:
3-fold symmetry
’63 symmetry
θ
−θ
apply 63 or 63 symmetry’
(a)
(b)
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FIG. S5. Diagram for the solution of the magnetic structure in phase III using the extinction rule. (a) The observed (n/3 n/3 0)
extinction rule constrains the spin alignment over the Dy3+ hexagons to be symmetrical with respect to the 〈110〉 directions.
(b) Constraints along all three 〈110〉 directions leave only one degree of freedom in the spin alignment, that is the rotation
around the c axis with a degree of ±θ. (c) Applying the 63 or 6′3 symmetry leaves only two possible solutions for the spin
alignment, corresponding to θ1 = 0/pi and θ2 = ±0.5pi, respectively.
IV. STABILITY OF THE SPIN TRIMERS AND PHASE TRANSITIONS
The rigid spin trimers in phases I and II revealed in our neutron diffraction experiment allow us to understand
the meta-magnetic phase transitions in Dy3Ru4Al12. Noticing the relatively strong ferromagnetic nearest-neighbour
(NN) coupling J1 that is evidenced by the positive Weiss temperature of ∼ 55 K, we can treat the spin trimers as
effective Ising spins with only c component, which simplifies the breathing kagome´ lattice of the Dy3+ spins as an
effective triangular lattice of composite Ising spins. Here we neglect the couplings between the neighbouring layers in
the c direction, which is of antiferromagnetic character on the basis of the qc = 1/2 modulation along the c axis in
phase I but should be weak since qc becomes zero in phase II at a relatively weak magnetic field of 0.6 T.
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FIG. S6. Monte Carlo simulation with spin trimers treated as composite Ising spins. Field-dependence of magnetization for
the triangular lattice with spin trimers treated as classical Ising spins. The simulation was performed on a 12×12 superlattice
with J ′1 = 0.38 K, J
′
2 = J
′
1/10 = 0.038 K, and T = 2 K. The magnitude of the magnetic moment is 22 µB , which equals the
saturated moment of the Dy3+ trimer in a high magnetic field along the c direction. The dashed part of the magnetization
curve indicates the high-field region where the rigid spin trimers break down. The narrow plateau on the boundary of phases
I and II is due to the finite size effect. The insets show the alignment of the composite Ising spins in phase I with q′ = (1/2 0)
at the top left, phase II with q′ = (1/3 1/3) at the top right, and phase III with double q′ of (1/2 0) + (0 1/2) at the bottom.
In each alignment, red (blue) triangles represent spin trimers with c component aligned parallel (anti-parallel) to the field.
The phase diagram for the triangular lattice with classical Ising spins was investigated previously [S10]. It is known
that in a large parameter space of antiferromagnetic NN couplings J ′1 and second-neighbour couplings J
′
2, the zero-field
ground state has a propagation vector of q′ = (1/2 0) as we observed in phase I of Dy3Ru4Al12. In a magnetic field
perpendicular to the triangular lattice plane, a series of magnetic transitions appears, and the evolution of q/(H)
depends on the ratio of J ′2/J
′
1. Specifically, as is shown in Fig. S6, when J
′
2/J
′
1 < 0.2, an intermediate phase with
q′ =(1/3 1/3) emerges as we observed in phase II of Dy3Ru4Al12, after which the system crosses a double-q phase
with q′ =(1/2 0) and (0 1/2), before finally settling in the fully polarized phase with q′ = 0. The absence of the latter
two phases in Dy3Ru4Al12 indicates the breakdown of rigid spin trimers in a field above ∼ 1.1 T, which might be
ascribed to the crossing of the Dy3+ crystal field levels that have been revealed in the ultrasound experiment [S26].
V. SINGLE ION ANISOTROPY OF THE RARE EARTH IONS IN R3RU4AL12
Besides Dy3Ru4Al12, the magntic properties the R3Ru4Al12 family with R = La ∼ Nd, Gd ∼ Er, and Yb have
been studied [S11–S19], and a systematic evolution of the single ion anisotropy of the R ions can be extracted. For
R = Pr [S12], Nd [S13], Tb [S16], Dy, and Ho [S17], the magnetization along the c axis is much larger than that
within the ab plane, and in their magnetic structures, if available from neutron diffraction, the R3+ moments have
(a) (b) (c)DMI positive DMI negative
FIG. S7. Anisotropy of the R3+ magnetic moment and the spin trimer configurations. (a) Spin trimers in R3Ru4Al12 with the
mirror plane shown as gray planes. Solid lines in the circles indicate the two symmetric easy axes. The R3+ moments aligning
along the easy axes might realize the 4-state clock model. Panels (b) and (c) show the spin trimer configurations under positive
and negative DMI interactions, respectively. Directions of the DM vectors are defined in Fig.1b of the main text.
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a large component along the c axis. All these R3+ ions have negative Stevens factor α [S20]. By contrast, for R =
Yb [S19] with positive Stevens factor α, the magnetization along the c axis becomes much smaller than that within
the ab plane. This comparison reveals that the single ion anisotropy of the R3+ ions in R3Ru4Al12 is dominated by
the Stevens factor α, similar to the situation in many rare earth oxides [S21].
However, it should be noted that an overall easy axis along the c axis in magnetization does not necessarily mean
that the local easy axis of the R3+ magnetic moment should also be exactly along the c axis. In R3Ru4Al12, the R
3+
ions occupy the 6h site with 2mm site symmetry. As is shown in Fig. S7a, one mirror plane is the ab plane, and the
other mirror plane is perpendicular to the ab plane and contains the a∗ direction in reciprocal space. Therefore, in
the general case, the R3+ ions can exhibit complicated anisotropy that involves two symmetric easy axes and thus
realize the 4-state clock model. The titled easy axes might explain why the magnetization seems to be saturated at
∼ 2 T in phase III but stays below the expected value even in a high field up to 60 T [S25].
Based on this special anisotropy, positive Dzyaloshinskii-Moriya Interactions (DMI) over the nearest-neighbour
bonds (see Fig. 1 in the main text for the definition of the positive DMI vector direction) will lead to the all-in-all-out
spin trimer configurations observed in Dy3Ru4Al12, while negative DMI will result in either 2-in-1-out or 1-in-2-out
configurations similar to that expected for the kagome ices [S22].
It should be noted that besides the single-ion anisotropy, anistropic couplings like dipolar interactions or anistropic
exchange interactions might also contribute to the formation of spin trimers in Dy3Ru4Al12. One possible scenario is
that the anisotropy of the Dy3+ magnetic moment is tilted but stays rotationally invariant around the c axis, leading
to a diabolo shape for the spin anisotropy. In this way, positive DM interactions will also favor the formation of
all-in-all-out spin trimer configurations as observed in phases I and II. Further study will be needed to clarify the
single ion anisotropy of the Dy3+ ions and clarify the origin of the spin trimers.
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FIG. S8. (a-d) Longitudinal resistivity ρxx and (e-h) Hall resistivity ρyx of Dy3Ru4Al12 as a function of magnetic field at
selected temperatures. Low-field magnetic phase transitions are accompanied by a large hysteresis between field-increasing and
decreasing ramps.
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VI. RAW DATA OF LONGITUDINAL AND HALL RESISTIVITIES
In-plane longitudinal and Hall conductivities σxx and σxy, as shown in the main text, were constructed from
longitudinal and Hall resistivities ρxx and ρyx (Fig. S8) using the well-known relations for the tensor elements:
σxx = ρxx/
(
ρ2xx + ρ
2
yx
)
(1)
σxy = ρyx/
(
ρ2xx + ρ
2
yx
)
(2)
The sample geometry was carefully measured using an optical microscope (error bar ±5 %) so as to minimize un-
certainties of the analysis. Above TN , the system shows strong negative magnetoresistance, indicating significant
correlation between the conducting electrons and the short-range ordered magnetic moments. The more complex
behavior of ρxx and ρyx below TN is related to the magnetic ordering, and consequent changes in carrier scattering
time τ . In such cases of field dependent τ , it is preferable to focus on σxy rather than of ρyx for a proper analysis of
the anomalous Hall or geometrical Hall effect.
However, the Hall resistivity ρyx comes with the considerable advantage that the normal Hall effect due to the
Lorentz force acting on electrons and holes has weak temperature dependence in the metallic state in general, as is
also the case for the R3Ru4Al12 family [S34]. Therefore, we first subtracted the field-linear normal Hall resistivity
from ρyx viz.
ρAyx = ρyx − ρNyx = ρyx − ρNyx(300 K), (3)
and subsequently calculated the anomalous/geometrical Hall conductivity following σAxy = ρ
A
yx/
(
ρ2xx + ρ
2
yx
)
. Note
that the contribution of ρyx in the denominator amounts to less than 10
−3 in relative terms.
Our simple analysis, which does not make any major ad-hoc assumptions about the behavior of the normal Hall
effect, satisfies a simple ‘sanity check’: In phase I with antiferromagnetic stacking of alternating magnetic layers and
vanishing global scalar spin chirality, σAxy = 0 exactly within our analysis as is shown in Fig. 3 of the main text.
VII. HIGH-FIELD TRANSPORT EXPERIMENTS
At higher magnetic fields, it is expected that a closing of the spin-trimer ‘umbrella’ structure leads to a suppression
of the geometrical Hall signal. We explored the regime up to µ0H = 24 T at the High Field Laboratory for Supercon-
ducting Materials (IMR, Tohoku University, Sendai, Japan) with a standard transport lock-in technique. The 25T
cryogen-free superconducting magnet (25T-CSM) was used [S23]. The electric current was applied along the a∗ axis,
and the field was applied along the c axis. The excitation current was 5 mA and the measurement frequency was
FIG. S9. Magneto-transport properties at higher fields. (a) High-field magnetoresistance ρxx(H) at three selected
temperatures. In lighter colors, we show data obtained on the same crystal in an in-house measurement below 14 T. Sweep
direction was ∂H/∂t < 0, > 0, and < 0 for T = 2.5 K, 10 K, and 20 K, respectively. (b) Hall conductivity σxy measured
under the same conditions. (c) We extracted the oscillatory part of the Hall conductivity and fitted to the Lifshitz-Kosevich
expression (black lines). Fit parameters are provided in the text. Demagnetization correction was not applied to this data.
High field data for ρxx and ρyx were corrected to match the low-field result, see text for details.
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10− 20 Hz. Because the polarity of the magnetic field cannot be reversed in this setup, we removed the sample from
the cryostat and manually rotated the stage by 180 degrees before re-inserting once again.
The high-field data was compared to measurements on the same sample, with the same wiring, acquired in our
in-house PPMS cryostat. We noticed offsets of the Hall resistivity (∼ 10 %) and longitudinal resistivity (up to ∼ 25 %)
which likely occurred due to phase rotations in the imperfect electrical circuit used for the high-field experiment. We
corrected these offsets by scaling the high-field results to the in-house data (Fig. S9). We emphasize that the low-field
measurements presented in the main text did not suffer from similar problems with the electric circuit.
Magnetoresistance ρxx and Hall conductivity σxy are shown in Fig. S9a and b, respectively. The high field data
(solid colors) are compared to in-house low-field measurements (shaded colors). The change of ρxx(H) is relatively
weak and quasi-linear in the high-field regime. Meanwhile, σxy bends strongly at the lowest T , and curves more gently
at T = 10 and 20 K. This result is generally in agreement with the expectation for the geometrical Hall effect, where
σAxy constitutes an additional contribution to σxy, which appears only below the ordering transition (∼ 5 K) and is
suppressed at very large H. The data also confirm the result of previous magnetization measurements [S25], which
indicates that there are no additional field-induced transitions above µ0H = 1.5 T in this compound when the field is
applied along the c axis.
A quantitative analysis of the high-field data remains challenging, in large part due to the rather complex behavior
of the normal Hall effect at µ0H > 9 T. This is related to the presence of a small carrier pocket with moderately
high carrier mobility (µ ∼ 300 − 800 cm2/(Vs), which leads to bending of the σxy curves already at T ≥ 10 K
(Fig. S9b). We modeled the curves at T ≥ 10 K using the two-band Drude model for the normal Hall conductivity
σNxy = aB + bB/
(
1 + (µB)
2
)
(Ref. [S24]). Here, B = µ0H. From our data, it cannot be excluded that µ increases
in magnitude below the transition to long-range order (∼ 5 K). The strong bending of σxy(T = 2.5 K, H) may be at
least partially due to σNxy.
The presence of the small Fermi surface pocket was also confirmed using Shubnikov-de Haas (SdH) quantum
oscillation experiments (Fig. S9c). The oscillations were not resolved in the ρxx channel. We proceeded by subtracting
a fifth-order polynomial background from the Hall resistivity to obtain the oscillatory part ρoscyx . This quantity
was then subjected to a smoothing algorithm to improve the signal-to-noise ratio (SNR). Finally, we calculated
σoscxy = ρ
osc
yx /
(
ρ2xx + ρ
2
yx
)
. This approach is only valid in the limit ρyx  ρxx.
The oscillatory part of the Hall conductivity was fitted using the standard Landau-Lifshitz-Kosevich (LLK) expres-
sion, which is typically applied in the case of σxx (Ref. [S25, S26]),
σoscxy
σxy
=
(
h¯ωc
2F
)1/2
λ
sinhλ
exp (−λD) cos
[
2piF
h¯ωc
+ ϕ
]
, (4)
with λ = 2pi2kBT/h¯ωc and λD = 2pi
2kBTD/h¯ωc. The cyclotron frequency and the Dingle temperature are given
by ωc = eB/m
∗ and TD = h¯/ (2pikBτ), respectively. The carrier relaxation time τ is related to the mobility viz.
µSdH = eτ/m
∗.
From the LLK fit, we extract the Fermi surface cross-section SF = 2piFm
∗/(h¯e) = 83 T and µSdH ≈ 900 ±
400 cm2/(Vs). The error bar of µSdH is sizable due to the rather low SNR and the small size of the oscillatory
amplitude. Finally, the evolution of the SdH oscillations with temperature argues against a major modification of the
electronic structure at the onset of long-range magnetic order (T ∼ 5 K).
∗ These authors contributed equally to this work.
Corresponding authors (emails): shang.gao@riken.jp, and maximilian.hirschberger@riken.jp
† Current address: Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
[S1] D. I. Gorbunov, M. S. Henriques, A. V. Andreev, A. Gukasov, V. Petrˇ´ıcˇek, N. V. Baranov, Y. Skourski, V. Eigner,
M. Paukov, J. Proklesˇka, and A. P. Gonc¸alves, Electronic properties of a distorted kagome lattice antiferromagnet
Dy3Ru4Al12, Phys. Rev. B 90, 094405 (2014).
[S2] F. Izumi and K. Momma, Three-dimensional visualization in powder diffraction, Sol. Stat. Phenom. 130, 15 (2007).
[S3] J. A. Osborn, Demagnetizing factors of the general ellipsoid, Phys. Rev. 67, 351 (1945).
[S4] I. Ishii, T. Mizuno, K. Takezawa, S. Kumano, Y. Kawamoto, T. Suzuki, D. I. Gorbunov, M. S. Henriques, and A. V.
Andreev, Magnetic-field-induced quadrupolar ordering and the crystal electric field effect in the distorted kagome lattice
antiferromagnet Dy3Ru4Al12, Phys. Rev. B 97, 235130 (2018).
[S5] V. Petrˇ´ıcˇek, M. Dusˇek, and L. Palatinus, Crystallographic computing system JANA2006: General features, Z. Kristallogr.
229, 345 (2014).
15
[S6] J. Rodrguez-Carvajal, Recent advances in magnetic structure determination by neutron powder diffraction, Physica B
192, 55 (1993).
[S7] In preparation.
[S8] J. Perez-Mato, S. Gallego, E. Tasci, L. Elcoro, G. de la Flor, and M. Aroyo, Symmetry-based computational tools for
magnetic crystallography, Annu. Rev. Mater. Res. 45, 217 (2015).
[S9] Bilbao crystallographic server, http://www.cryst.ehu.es.
[S10] B. Metcalf, Ground state spin orderings of the triangular Ising model with the nearest and next nearest neighbor inter-
action, Phys. Lett. A 46, 325 (1974).
[S11] W. Ge, C. Michioka, H. Ohta, and K. Yoshimura, Physical properties of the layered compounds RE3Ru4Al12 (RE=LaNd),
Sol. Stat. Comm. 195, 1 (2014).
[S12] M. S. Henriques, D. I. Gorbunov, A. V. Andreev, X. Fabrges, A. Gukasov, M. Uhlarz, V. Petek, B. Ouladdiaf, and
J. Wosnitza, Complex magnetic order in the kagome ferromagnet Pr3Ru4Al12, Phys. Rev. B 97, 014431 (2018).
[S13] D. I. Gorbunov, M. S. Henriques, A. V. Andreev, V. Eigner, A. Gukasov, X. Fabrges, Y. Skourski, V. Petek, and
J. Wosnitza, Magnetic anisotropy and reduced neodymium magnetic moments in Nd3Ru4Al12, Phys. Rev. B 93, 024407
(2016).
[S14] M. Hirschberger, T. Nakajima, S. Gao, L. Peng, A. Kikkawa, T. Kurumaji, M. Kriener, Y. Yamasaki, H. Sagayama,
H. Nakao, K. Ohishi, K. Kakurai, Y. Taguchi, X. Yu, T.-h. Arima, and Y. Tokura, Skyrmion phase and competing
magnetic orders on a breathing kagome lattice, arXiv:1812.02553 (2018).
[S15] S. Nakamura, N. Kabeya, M. Kobayashi, K. Araki, K. Katoh, and A. Ochiai, Spin trimer formation in the metallic
compound Gd3Ru4Al12 with a distorted kagome lattice structure, Phys. Rev. B 98, 054410 (2018).
[S16] S. Rayaprol, A. Hoser, K. K. Iyer, S. K. Upadhyay, and E. Sampathkumaran, Neutron diffraction study of a metallic
kagome lattice, Tb3Ru4Al12, J. Magn. Magn. Mater. 477, 83 (2019).
[S17] D. I. Gorbunov, T. Nomura, I. Ishii, M. S. Henriques, A. V. Andreev, M. Doerr, T. Stter, T. Suzuki, S. Zherlitsyn, and
J. Wosnitza, Crystal-field effects in the kagome antiferromagnet Ho3Ru4Al12, Phys. Rev. B 97, 184412 (2018).
[S18] S. K. Upadhyay, K. K. Iyer, and E. V. Sampathkumaran, Magnetic behavior of metallic kagome lattices, Tb3Ru4Al12
and Er3Ru4Al12, J. Phys. Condens. Matter 29, 325601 (2017).
[S19] S. Nakamura, S. Toyoshima, N. Kabeya, K. Katoh, T. Nojima, and A. Ochiai, Low-temperature properties of the S = 1/2
spin system Yb3Ru4Al12 with a distorted kagome lattice structure, Phys. Rev. B 91, 214426 (2015).
[S20] J. Jensen and M. A. R., Rare earth magnetism (Oxford University Press, 1991).
[S21] Y.-P. Huang, G. Chen, and M. Hermele, Quantum spin ices and topological phases from dipolar-octupolar doublets on
the pyrochlore lattice, Phys. Rev. Lett. 112, 167203 (2014).
[S22] T. Fennell, S. T. Bramwell, D. F. McMorrow, P. Manuel, and A. R. Wildes, Pinch points and Kasteleyn transitions in
kagome ice, Nat. Phys. 3, 566 (2007).
[S23] S. Awaji, K. Watanabe, H. Oguro, H. Miyazaki, S. Hanai, T. Tosaka, and S. Ioka, First performance test of a 25 T
cryogen-free superconducting magnet, Supercond. Sci. Technol. 30, 065001 (2017).
[S24] J. Xiong, Y. Luo, Y. Khoo, S. Jia, R. J. Cava, and N. P. Ong, High-field shubnikov–de haas oscillations in the topological
insulator Bi2Te2Se, Phys. Rev. B 86, 045314 (2012).
[S25] L. M. Roth and P. N. Argyres, Chapter 6 magnetic quantum effects, in Semiconductors and Semimetals, Vol. 1, edited
by R. K. Williardson and A. C. Beer (Academic Press, 1966).
[S26] D. Shoenberg, Magnetic Oscillations in Metals (Cambridge University Press, 1984).
